Experiment towards continuous variable entanglement swapping: Highly correlated 
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We present a protocol for performing entanglement swapping with intense pulsed beams. In a first 
step, the generation of amplitude correlations between two systems that have never interacted di- 
rectly is demonstrated. This is verified in direct detection with electronic modulation of the detected 
photocurrents. The measured correlations are better than expected from a classical reconstruction 
scheme. In an entanglement swapping process, a four-partite entangled state is generated. We 
prove experimentally that the amplitudes of the four optical modes are quantum correlated 3 dB 
below shot noise, which is consistent with the presence of genuine four-party entanglement. 

PACS numbers: 03.67.Hk, 42.50.Dv, 42.65.Tg 
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I. INTRODUCTION 

Entanglement is the basic resource for quantum infor- 
mation applications. We are dealing with intense, pulsed 
light which is described by continuous quantum variables 
and which allows for efficient detection schemes and re- 
liable sources. The generation of entanglement shared 
by two parties is now achieved routinely in the labora- 
tories, e. g. entanglement of the quadrature components 
of an electromagnetic field. These two party entangled 
states may enhance the capability of the two parties to 
communicate. There are already several experimental 
realisations of quantum information and quantum com- 
munication protocols over continuous variables, exploit- 
ing entanglement, for example, quantum dense coding [1] 
and quantum teleportation [2]. 

Initially, quantum communication dealt almost exclu- 
sively with discrete two-valued quantum variables. The 
first demonstration of teleportation, i. e. the transfer of a 
quantum state from one party to another was reported by 
Bouwmeester et al. [3]. The scheme was close to the the- 
oretical proposal by Bennett et al. [4]. In the experiment, 
the polarization state of a single photon was teleported 
using a pair of polarization entangled photons. However, 
the experiment was not an unconditional teleportation, 
as only one of the four possible results of the Bell-state 
measurement can be discriminated against the others. 
As a next step, quantum entanglement swapping, i. e. 
the teleportation of entanglement, was demonstrated ex- 
perimentally by Pan et al. [5] . More recently, uncondi- 
tional teleportation of an unknown polarization state was 
demonstrated by Kim et al. [6], employing nonlinear in- 
teractions to discriminate the entire set of Bell-states, 
however at low efficiency. These initial experiments relied 
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upon the polarization of a single photon to encode the 
qubit. Recently, long distance teleportation was demon- 
strated by encoding the qubit into the superposition of 
a single photon in two different locations (time bins) [7]. 
In all these experiments, discrete quantum variables were 
teleported. 

For continuous variables, such as the amplitude and 
the phase quadratures of an electromagnetic field, which 
are used in this paper, only the quantum teleportation 
of coherent states has been demonstrated so far. The 
first experiment was reported by Furusawa et al. [2] and 
was based on a proposal by Braunstein and Kimble [8]. 
The advantage of this experiment is that unconditional 
teleportation was demonstrated, i. e. no postselection of 
successful events was necessary. However, the quality of 
the teleportation, i. e. the fidelity is limited by the quality 
of the correlations of the auxiliary entangled beam pair. 
In that first experiment the fidelity was 0.58. Recently, 
there have been reports on further improvements in tele- 
portation experiments of coherent states, with fidelities 
of 0.62 [9] and 0.64 [10]. 

So far, no entanglement swapping with continuous 
variables has been reported. However, entanglement 
swapping is interesting for several reasons: First, among 
all quantum states of the light field coherent states are 
closest to classical states while entanglement swapping 
refers to the teleportation of a highly non-classical state. 
Second, the success of entanglement swapping can be 
checked easily by verifying the correlations generated in 
the entanglement swapping process. In general, for more 
complex applications towards quantum networking it is 
desireable to achieve entanglement swapping combined 
with entanglement purification [11], as it enables the dis- 
tribution of entanglement and non-classical correlations 
over large distances between systems that have never in- 
teracted directly. 

Multipartite entanglement, the entanglement shared 
by more than two parties, is also a useful resource for 
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quantum networking. For example, the distribution of 
quantum information to several receivers, called tele- 
cloning [12] or for quantum secret sharing [13] are based 
on multi-party entangled states. 

In this paper, we present our work towards entan- 
glement swapping using intense beams. We present 
a possible entanglement swapping scheme and describe 
and characterize our entanglement sources. For entan- 
glement swapping, two independent EPR-sources are 
needed which are then made to interfere. By a direct 
analysis of the detected photocurrents we prove that 
strong correlations are created between the amplitude 
quadratures in the entanglement swapping process. This 
experiment is a first step towards the teleportation of a 
highly non-classical state. We also show that with the 
same basic resource, i. e. the coupling of two entangle- 
ment sources, a highly correlated four-party state is gen- 
erated. A preliminary theoretical analysis, neglecting the 
excess thermal phase noise in the EPR-sources and hence 
assuming them to be pure, indicates that the generated 
state is indeed a genuinely four-party entangled state. 
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FIG. 1: Schematic drawing of the entanglement swapping ex- 
periment 



II. ENTANGLEMENT SWAPPING PROTOCOL 

The scheme for entanglement swapping is outlined in 
Fig. 1. Two pairs of quadrature entangled beams denoted 
EPRI and EPRII are generated by linear interference of 
two amplitude squeezed beams. Initially, the beam pair 
labelled EPRI and EPR2 and the one labelled EPR3 and 
EPR4 are two independent entangled pairs. The experi- 
ment aims at achieving entanglement between the beams 
1 and 4. This requires the teleportation of beam EPR2 
to the output mode EPR4 and is referred to as entangle- 
ment swapping. For that purpose, one beam from each 
entanglement source, i. e. EPR-beam 2 and EPR-beam 
3 are combined at a 50/50 beam splitter with the phase 
953 adjusted such that the two output beams are equally 
intense (Fig. 1). The resulting beams are denoted Mode5 
and Mode6. 

The Bell-state measurement is completed by the joint 
detection of Mode5 and Mode6 (see Fig. 1). The sig- 
nals obtained from that measurement are used to mod- 
ulate the amplitude and the phase of EPR4 to yield 
0UT2, which in the ideal case should now be a copy of 
the mode EPR2 and show strong non-classical correla- 
tions with EPRI, now called OUTl. The signals needed 
for the modulation are described by {SX5 + 6Xq) and 
— SYq), where 6X and SY denote the fluctuations in 
the amplitude and the phase quadrature. The quadra- 
ture components [14] of the electromagnetic field are de- 
fined hy X = + d and Y — i(a^ — a). The sum- 
and difference variances can be obtained in direct de- 
tection without local oscillator techniques, provided the 
measurement is performed on intense beams [15-17]. In 
a next step, the fluctuating results of the photon number 
measurements on Mode5 and Mode6, Sn^ and SfiQ are de- 
tected. Taking simultaneously the sum and the difference 



of the corresponding photocurrents, that is Sn^ + dfie and 
6n^ — SfiQ, signals are obtained which are proportional 
to the sum and difference quadratures mentioned above. 
The corresponding photocurrents which are transmitted 
over the classical channel to the modulators are denoted 
*BcU = + i6 and ig^n = z5 — i6, respectively. 

An optimum gain g for the modulation can be chosen 
such that after the entanglement swapping process the 
highest possible correlations between the output beams 
OUTl and 0UT2 are generated. The gain g describes to 
what degree initial fluctuations of one beam are trans- 
ferred onto an output mode after detection of the initial 
mode and subsequent modulation of the output mode 
with that signal. In the case of infinite input squeezing 
(7 = 1 is optimal, while for finite squeezing values of g < 1 
are better. The value of g also depends on the degree of 
excess noise in the anti-squeezed quadrature, i. e. the 
optimum value for g is different for non-minimum un- 
certainty squeezed states and for minimum uncertainty 
states. The optimum value for g has to be chosen closer 
to one the more excess phase noise is present. 

It was shown [18] that for any finitely squeezed min- 
imum uncertainty vacuum states, EPR-correlations be- 
tween the output modes OUTl and 0UT2 can always 
be generated independent of the degree of input squeez- 
ing using an optimized gain. This also holds true for 
intense squeezed beams that we employ in our experi- 
ment. However, for states with high excess noise in the 
phase quadrature, say about 20dB as in our experiment, 
the optimum gain is close to g — 1. Hence there is a 3dB 
penalty in the correlations created between the output 
states. Therefore, in this case, the generation of non- 
classical EPR-correlations in the entanglement swapping 
process requires more than 3dB initial squeezing. 
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FIG. 2: Generation of squeezing using an asymmetric fiber 
Sagnac interferometer. A/2: half wave plate, G: gradient in- 
dex lens, PBS: polarizing beam splitter, PZ: piezo actuator. 
Two independently squeezed modes are generated as the light 
propagates on both optical axes of the optical fiber. The 
gray shaded area shows the interference of both amplitude 
squeezed fields to generate entanglement. 



separability criterion for two mode Gaussian states [22, 
23]. The non-separability criterion can be expressed in 
terms of observable quantities, the so called squeezing 
variances [24]: 



Kim = 



V{SXi±gSXj) 
V{5Xi^coh + gSX j^coh) 

,coh / 



(1) 

(2) 



where V{A) = {A^) — {A)"^ denotes the variance of an op- 
erator A and i ^ j and g is a variable gain. The quadra- 
ture components labelled with index "coh" are those of a 
coherent state. The non-separability criterion then reads 
[24]: 
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Towards entanglement swapping- 
analysis of the photocurrent 
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III. EXPERIMENTAL SETUP AND 
MEASUREMENT RESULTS 

A. Entanglement source 

The intense squeezed beams are generated using an 
asymmetric fiber Sagnac interferometer, exploiting the 
Kerr nonlinearity. The setup is depicted in Fig. 2. 

In the asymmetric fiber Sagnac interferometer, two 
counter propagating pulses, one strong pulse and one 
weak pulse, are coupled into a polarization maintaining 
fiber. Due to the Kerr nonlinearity, the strong pulse ac- 
quires an intensity dependent phase shift, while the weak 
pulse is largely unaffected by nonlinear effects. Thus, the 
initially circular shaped uncertainty area in phase space 
is transformed into an ellipse. By interference with the 
weak pulse, the uncertainty ellipse is reoriented in phase 
space, resulting in direct detectable amplitude squeezing 
[19]. Choosing an input polarization of about 45° with 
respect to the optical axes of the fiber, two independently 
squeezed beams in s- and in p-polarization can be gen- 
erated simultaneously[20, 21]. In the following this inter- 
ferometer is referred to as a double squeezer. 

Quadrature entanglement is generated by linear in- 
terference of two amplitude squeezed fields with proper 
phase relation [16, 21]. Due to the birefringence of the 
fiber, the relative delay of the pulses has to be compen- 
sated before they are combined on a 50/50 beam split- 
ter to generate entanglement (see the shaded region in 
Fig. 2). The EPR-entanglement is maximized when the 
interference phase is such that the two output beams have 
equal optical power. An active feedback control to stabi- 
lize the interference phase is used. 

The entanglement is characterized in terms of the non- 



In this section we describe a scheme that permits us to 
check for correlations in the amplitude quadrature cre- 
ated by the entanglement swapping process by direct 
analysis of the photocurrents. The signal from the Bell- 
measurement, jg^jji, that will be used for the modula- 
tion is a classical signal. If the emerging entangled pair, 
OUTl and 0UT2, were to be used as a quantum re- 
source, the signal from the Bell-state measurement has to 
be used to modulate the optical mode EPR4 (see Fig. 1). 
However, if the mode 0UT2 is just detected to verify the 
success of entanglement swapping, modulation of EPR4 
can be substituted by direct summation of the photocur- 
rents. Thus, the measured photocurrents are identical 
in the case of optical modulation of EPR4 and detecting 
0UT2 and in the case of measuring EPR4 and adding the 
photocurrent givmg i4 -|- i^^y^ (see Fig. 3). In this 
context, we performed the following experiment towards 
entanglement swapping as it is depicted in Fig. 3. 

Two entanglement sources were set up, each consisted 
of a double squeezer and a subsequent interferometer to 
generate entanglement. In each squeezer, 8m of polariza- 
tion maintaining fiber (FS-PM-7811 from 3M) was used, 
the splitting ratio of the asymmetric beam splitter was 
90/10. The laser source used in the experiment is a com- 
mercially available OPO (OPAL from Spectra Physics) 
pumped by a mode locked Ti:Sapphire laser (Tsunami 
from Spectra Physics). It produces pulses of lOOfs at 
a center wavelength of 1530nm and a repetition rate of 
82MIIz. Squeezing was produced at an output pulse en- 
ergy of about 27pJ for each polarization. 

Each squeezer produced more than 3dB amplitude 
squeezed light in each polarization. This results in 
squeezing variances of 3dB for both entanglement sources 
(see Fig. 4) . The degree of correlations was measured for 
the amplitude quadrature, but due to the symmetry of 
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FIG. 3: Entanglement swapping, direct analysis of the pho- 
tocurrents 

the generation process, the squeezing variances V^{SX) 

and Kjq i^Y) for the amphtude and phase quadrature 
should be the same. The peaks in the noise measure- 
ment of the entanglement source II are due to instabil- 
ities of the laser power. The corresponding shot noise 
levels were obtained by measuring the noise power when 
the detectors were illuminated with coherent light of the 
same classical field amplitude as that of the squeezed 
states. The shot noise was calibrated by illuminating 
the detectors with coherent light. This calibration was 
checked before the experiment by comparing the mea- 
sured noise level of a coherent beam with the shot noise 
level determined by the difference signal of a balanced 
detection setup. In the following, none of the measured 
noise traces was corrected for the electronic noise which 
was at — 87.8dBm. 

The next step is the interference between the two in- 
dependently generated EPR-beams 2 and 3. The inter- 
ference is a critical part of the experiment, since a good 
spectral, temporal and spatial overlap of the interfering 
modes is required. Therefore it is important that the 
beams have propagated through the same fiber length. 
Moreover, both squeezers were prepared with fiber pieces 
from the same coil. Still, the fiber pieces are not iden- 
tical, therefore the pulses from the different squeezers 
acquire different phase noise, which might be due to dif- 
ferent contributions from guided acoustic wave Brillouin 
scattering (GAWBS) in different fiber pieces. Neverthe- 
less it was possible to achieve a visibility of up to 85% 
and to stabilize the interference phase between EPR2 and 
EPR3, so that the two output modes are equally intense. 
This is worth noting, as we have achieved interference be- 
tween two modes of independently generated entangled 
systems. 

Four photodetectors were placed in the four output 
modes of the setup, i.e. EPRl, EPR4, Mode5, and 
Mode6. Each of the detectors used a high efficiency 
InGaAs-photodiode (Epitaxx ETX 500). To avoid sat- 
uration of the detectors, a Chebycheff lowpass filter was 
used with a cutoff frequency of about 35MHz to suppress 



the high noise peaks at the repetition frequency and the 
harmonics of the laser. The photocurrent fiuctuations 
were detected at a frequency of 17.5MHz with a resolu- 
tion bandwith of 300kIIz. The measurements were aver- 
aged with a video bandwith of 30IIz, the measurement 
time for each trace was 10s. 

In the experiment, we examined the correlations be- 
tween the two output modes EPRl and EPR4. The var- 
ious noise levels are compared with the corresponding 
shot noise levels and the noise levels of the individual 
beams. First, the noise level of the sum signal of beams 
EPRl and EPR4 was measured and compared with the 
noise power of the individual beams, i. e. the variances 
of il and i4 and il + lA were measured, not yet taking 
into account the result from the Bell-state measurement, 
*Bcii- This corresponds to the case of the full entangle- 
ment swapping protocol with respect to the amplitude 
quadrature only without transmission of the classical in- 
formation from the Bell-state measurement. 

There are no correlations between the two modes 
EPRl and EPR4, i. e. 

^^(-^EPRl + X^-p-^i) — V{X-EV'Rl) + ^(-'^EPR4) (4) 

which can be seen on the left side of Fig. 5, and which is 
obvious as the two entanglement sources are independent. 

The noise power of the beams EPRl and EPR2 shows 
that each single beam is very noisy. This indicates that 
the squeezer does not generate minimum uncertainty 
states, but states which acquire excess phase noise of 
about 20dB, an effect that originates from the prop- 
agation of the light through the fiber. Although we 
tried to set up an exact replica of the first squeezer, the 
noise power of the generated EPR-beams of the second 
squeezer is different from that of the first squeezer. 

In a second step, the correlations between EPRl and 
EPR4 are checked again, this time taking into account 
the result of the Bell-measurement. The photocurrent of 
EPR4 is modified to give *4-|-Zg^jj. This photocurrent is 
added to il. The noise power of the resulting photocur- 
rent drops to the shot noise level of two beams, indi- 
cating that there are strong correlations between il and 
i4-|-igj,[[. The noise levels are plotted on the right side of 
Fig. 5. This situation corresponds to the case where the 
classical information gained from the Bell-state measure- 
ment is transmitted and mode EPR4 is modulated and 
the correlations between OUTl and 0UT2 are measured 
(compare Fig. 1). This result clearly indicates that the 
full entanglement swapping experiment should be possi- 
ble. With the given squeezing values, a squeezing vari- 
ance V^{6X) = 1 is expected for the output modes. The 
limitation in the experiment so far is the relatively low 
detected input squeezing of 3dB, otherwise correlations 
below the shot noise level would be visible. However, 
there is the 3dB penalty due to the fact that the squeezed 
states used have a high degree of excess phase noise. The 
relatively low resulting squeezing values are partly caused 
by the detection scheme, where at least three detectors 
were involved in the measurement of each individual noise 
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FIG. 4: Characterization of the two entanglement sources: The pictures on the top show the amplitude noise for s- and 
p-polarization, while the pictures at the bottom show the sum-signal of the EPR-entangled beams. In all graphs, the corre- 
sponding shot noise level is depicted. Each curve consists of 400 measurement points over a time period of lOsec. The measured 
noise traces are not corrected for the electronic noise which was at — 87.8dBm. 
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FIG. 5: Noise power of different combinations of the output 
modes: Traces of the single beams EPRl and EPR4 are shown 
together with the combined shot noise level of two beams. On 
the left side, the sum signal of EPRl and EPR4 is detected, 
on the right side, the signal from the Bell-measurement is 
added to the photocurrent detected on mode EPR4. The 
signal trace incidently coincides with the shot noise level of 
two beams. Each part of the trace (left and right) consists 
of 400 measurement points over a time period of 10s. The 
measured noise traces are not corrected for the electronic noise 
which was at — 87.8dBm. 



trace, which causes some balancing problems of the elec- 
tronics. 



Although the squeezing variance expected in the full 
experiment is at the shot noise limit, there are hints that 
the teleportation of a highly non-classical state with con- 
tinuous variables is possible. We can speak of successful 
quantum teleportation of beam EPR2 on beam EPR4 in 
the following sense: Let us compare the measurement re- 
sults with those that can be obtained by classical telepor- 
tation, where the amplitude and phase fluctuations of the 
mode to be teleported are measured simultaneously and 
an independent coherent beam is modulated. Squeezing 
variances between OUTl and 0UT2 which are 1.77dB 
higher than those that were measured in our experiment 
are expected with the given degree of correlations of 3dB. 
This can be understood by a similar argumentation to 
that given by Furusawa et al. [2]. In classical teleporta- 
tion, two extra units of vacuum are mixed into the sys- 
tem, one from the Bell-measurement and one from the 
coherent beam that is modulated. 
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FIG. 6: Generation of a highly correlated 4-partite state 



C. Interpretation of the results as multipartite 
correlations 
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FIG. 7: Four-partite correlations: The measurement of all 
four modes gives a signal that is 3dB below the correspond- 
ing shot noise level. Thus the generated four-mode state is 
highly correlated, each individual beam having a high noise 
level. The measurement time was 10s. The measured noise 
traces are not corrected for the electronic noise which was at 
-87.8dBm. 



Another aspect of the experiment is that the measure- 
ment results can also be interpreted in a different way. 
The setup is as before, two pairs of entangled beams are 
generated and the beams EPR2 and EPR3 are combined 
at a 50/50 beam splitter. We are now interested in the 
correlations of the complete four-mode state. 

To characterize the correlations, a detector is placed in 
each output mode, that is in EPRl, EPR4, Mode5 and 
Mode6, and the photocurrents are added as depicted in 
Fig. 6. The situation is completely equivalent to the case 
where the Bell-measurement was performed and the pho- 
tocurrents were added. However, the sum-photocurrent 
of all modes shows that the four mode state has a high 
degree of correlations, because the sum signal shown in 
Fig. 7 is 3dB below the corresponding shot noise level of 
four equally bright coherent states: 

^(-'^EPRl+-'fModc5 + -'^Modc6 + -^EPR4) < 4y(Xcoh)- (5) 

This indicates that a highly correlated four-mode state 
was created. The question that arises now is whether this 
state is genuinely four-partiy entangled. 

A genuinely multipartite entangled state means that 
none of the parties is separable from any other party 
in the total density operator. For example, the two ini- 
tial EPR sources in our setup correspond to an entangled 
four-mode state which is not genuinely four-party entan- 
gled. Though none of the modes is completely separable 
from the rest, the total state only consists of two two- 
party entangled states, mathematically desribed by the 
tensor product of two bright EPR states. In contrast, the 
output four-mode state of modes EPRl, Mode5, Mode6, 
and EPR4, is, in principle, a genuinely four-party entan- 
gled state, at least when assuming pure input states. This 
can be understood most easily by examining the corre- 
sponding four-mode Wigner function W(ai, as, 0^4) 
of the output state. Assuming two pure initial EPR 
sources, the output state 015, ag, 014) is also pure. 



For pure states, the non-factorizability of the Wigner 
function, Vt^(Q!i, 0:5, ag, Q;4) 7^ W{ai)W{a5,ae,a4) and 
W{ai,a5,ae,a4) 7^ W{ai,a5)W{ae,a4) for all permu- 
tations of (1,5,6,4), proves the genuine four-party en- 
tanglement. The output Wigner function for the special 
case of two two-mode squeezed vacuum states as the in- 
put EPR-sourccs is given in Ref. [25] . For any degree of 
the squeezing, it cannot be written in any product form 
hence the state is genuinely four-party entangled. More- 
over, partial transposition (partial sign change of the mo- 
mentum quadratures [23]) applied to its four-mode cor- 
relation matrix with respect to any possible splitting of 
the four modes [26, 27] always leads to an unphysical 
state, thus ruling out any partial separability. 

The four-party correlations of the four-mode squeezed 
vacuum, as can be seen in the Wigner function of 
Ref. [25], lead to quadrature triple correlations such as 
V[Xi-{X5+Xg)/V2] ^ andV[{X5-Xe)/V2-X4 ^ 
0. In our experiment, due to the brightness of the beams 
and the direct detection scheme employed, the four-party 
correlations become manifest in a combination of the 
quadrature amplitudes of all four modes, as described by 
equation (5). Whether the mixedness of our entangled 
four-mode state due to the excess phase noise causes a 
significant deterioration of the four-party entanglement 
should be further investigated, also with respect to the 
experimental verification of the four-party entanglement 
(see below). Since the genuine four-party entanglement 
is present for any non-zero squeezing in the pure four- 
mode squeezed vacuum state [26], we expect that the 
mixed state in our experiment remains genuinely four 
party entangled. 

To further characterize and describe the correlations 
of the four-mode state, we measured the noise of the 
combination of three beams, that is the variance of the 
photocurrents il + i5 + i6 = il + i^^^ and i5 + i6 + iA = 
*Boii + which are plotted in Fig. 8. These signals ex- 
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FIG. 8: Correlations of the four-mode state. Measurement of 
three modes compared with the noise levels of the indivdual 
beams. The measurement time was 10s. The shot noise level 
for three modes is about — 73.7dBm. 



hibit a high noise level compared with the shot noise 
level. To be more precise, the noise level of il + i5 + i6 
equals the noise level of iA (EPR4) and i5 + i6 + iA equals 
il (EPRl). This behaviour becomes clear by the fol- 
lowing considerations: The sum-signal from ModeS and 
Mode6, i.e. ^BoU' contains the full amplitude fluctua- 
tions of EPR2 and EPR3. Thus by taking the sum with 
EPRl, only the fluctuations originating from EPR3 re- 
main, as EPRl and EPR2 were initially entangled and 
the fluctuations cancel almost completely compared with 
the noise of a single beam. Thus the measured noise level 
of + + i& is equal to the fluctuations of beam EPR3 
which has the same noise level as beam EPR4. Similarly, 
the noise level of the combined measurement of i5-|-i6-|-i4 
can be explained. This measurement is consistent with 
the fact that the excess noise of the individual EPR- 
beams of the different EPR-sources is slightly different. 
As mentioned before, there are no correlations between 
the beams EPRl and EPR4, as the variance of il + iA is 
just the sum of the variances of il and iA. 



IV. DISCUSSION AND OUTLOOK 

A. Phase measurement: Full proof of entanglement 
swapping 

The full proof of entanglement swapping will be more 
challenging as not only the correlations in the amplitude 
quadrature, but also those in the phase quadrature must 
be checked. For this purpose, a real modulation of beam 
EPR4 is needed. As intense entangled beams are used, no 
local oscillator can be employed to measure correlations 
in the phase quadrature due to the saturation of the de- 
tectors. Instead, some interferometric scheme is needed 
to measure the correlations in the phase quadrature. This 
can be achieved by letting the two output modes, OUTl 
and 0UT2, interfere at another 50/50 beam splitter. 

Two possible interferometric detection schemes will be 
described to test whether a pair of beams, here called 



EPRl and EPR2, coming from a black box are entan- 
gled or not. In the first case, the noise power can be 
measured in one of the output ports of the interferometer 
using balanced detection (compare Fig. 9a). When the 
correlations in the amplitude quadratures of EPRl and 
EPR2 have already been measured, correlations in the 
phase quadrature can be determined from an amplitude 
quadrature measurement of OUTl or 0UT2. If squeez- 
ing occurs, then also the phase quadrature is correlated 
and the beams EPRl and EPR2 must be entangled [21]. 
It is also possible to check directly if the outgoing beams 
are non-separable: The variance of the sum photocurrent 
measured at the output of the interferometer is propor- 
tional to the sum of the squeezing variances, see Eq.(3). 
Thus the Duan non-separability criterion can be verified 
in a single measurement [24] . It was shown that, if squeez- 
ing occurs for a certain interference phase 9, the states 
EPRl and EPR2 are necessarily entangled [24], a con- 
sequence of the non-separability criterion for continuous 
variables. 



The other possibility is to put a detector in each out- 
put port and record the sum and the difference of the 
photocurrents (see Fig. 9b). The difference signal is pro- 
portional to the variance F(1epri — Y^vk2) which drops 
below the shot noise level if there are non-classical corre- 
lations in the phase quadrature. The correlations in the 
amplitude quadrature can be checked simultaneously by 
taking the sum of the photocurrents. This measurement 
is of the same type as the Bell-state measurement in the 
entanglement swapping process. This detection scheme 
is also used for dense coding experiments [1] and was pro- 
posed for a continuous variable entanglement swapping 
experiment [28]. 



Alternatively, phase detection ^IbuTi and (5Yout2 can 
be performed on beams OUTl and 0UT2 respectively. 
For this purpose, an extremely unbalanced interferometer 
can be used [29] , which maps phase fluctuations onto am- 
plitude fluctuations for certain measurement frequencies. 
At the repetion rate of 82MHz of our laser system, an 
arm length difference of about 7.2m is required to mea- 
sure phase fluctuations at a radio frequency of 20.5MIIz. 
In that phase shift is accumulated which leads to 

a 90° rotation of the quantum uncertainty sideband. Af- 
ter interference and together with the detection scheme, 
the phase noise of the input beam can be recorded in di- 
rect detection (see Fig. 10). Thus the phase shift for the 
rf-signal has to be adjusted as well as the optical inter- 
ference phase such that the two output ports are equally 
intense. With such an interferometer, it will be possible 
to avoid phase modulation, as in the case of the ampli- 
tude fluctuations, and check directly the obtained pho- 
tocurrents from the phase measurement together with the 
photocurrent from the Bell-measurement ig^jj for non- 
classical correlations. 
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FIG. 9: Two possible setups for an indirect measurement of correlations in the phase quadrature of two beams EPRl and 
EPR2. Both input beams are superimposed on a 50/50 beam splitter. In a) the noise variance of one output port is detected. 
This also provides a direct measure for the non-separability of states EPRl and EPR2. In b) the signal from both output ports 
is detected and the difference channel provides information about the correlations of the phase quadrature of the beams EPRl 
and EPR2. 



phase shift 
rf-signal 



detector 
B 

spectrum ^\ 

analyzer " 




FIG. 10: Unbalanced interferometer for detection of phase 
fluctuation without local oscillator. 



B. Criteria for multipartite entanglement 

The four-party correlated state generated by the in- 
terference of two two-party entanglement sources could 
be an important requisite for multipartite quantum com- 
munication and networking. However, it should be first 
verified experimentally that the generated state is indeed 
genuinely four-party entangled. For Gaussian states, the 
full characterization of multipartite entangled states re- 
quires the detection of all independent entries of the cor- 
relation matrix. However, in Ref. [26], inequalities are 
derived which impose necessary conditions onto a multi- 
party multi-mode state to be partially or fully separable. 
Hence violations of these conditions rule out any form of 
separability, thus being sufficient for genuine multipar- 
tite entanglement. These criteria involve measurements 
of linear combinations for the two conjugate quadratures 
of all modes. The conditions are expressed in terms of the 
sum of the variances of these combinations. This is simi- 
lar to the Duan criterion stated in equation (3), where the 
sum of the squeezing variances of the X and Y quadra- 
tures is considered. Such criteria are only sufhcicnt and 
not necessary for entanglement, but they apply to arbi- 
trary quantum states (pure, mixed, Gaussian, or non- 
Gaussian). By using criteria based on quadrature linear 
combinations for the verification of genuine multipartite 



entanglement, the measurement of the entire correlation 
matrix of a Gaussian state is no longer needed. How- 
ever, in general, these criteria cannot be readily applied 
to direct detection schemes. Hence simple experimental 
criteria and measurement techniques like those described 
above for the two-mode case still have to be developed 
for the multi-mode case. 



V. CONCLUSIONS 

To summarize, we have adapted a scheme to perform 
entanglement swapping with intense, pulsed, quadrature 
entangled beams using direct detection. By substituting 
the required optical modulation with an adapted detec- 
tion setup we have shown experimentally that the am- 
plitude correlations behave as they should for entangle- 
ment swapping. This is a strong hint for entanglement 
between the two output states, which have never inter- 
acted directly. To fully prove entanglement, the phase 
correlation still has to be measured. The joint analysis of 
the four individual modes shows that we have generated 
and partly characterized a novel four partite continuous- 
variable state that exhibits four-fold correlations below 
shot noise in the amplitude quadrature. Although so far 
there is no experimental proof that this state is really 
four-party entangled, the measured correlations support 
this conjecture. We have taken an experimental step to- 
wards entanglement swapping with continuous variables 
and produced an intense light state showing four-fold 
quantum correlations which is consistent with genuine 
four-party entanglement. 
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